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ABSTRACT 

We observe that intergranular jets, originating in the intergranular space surrounding individual granules, tend to 
be associated with granular fragmentation, in particular, with the formation and evolution of a bright granular lane 
(BGL) within individual granules. The BGLs have recently been identified as vortex tubes by Steiner et al. We further 
discover the development of a well-defined bright grain located between the BGL and the dark intergranular lane 
to which it is connected. Signatures of a BGL may reach the lower chromosphere and can be detected in off-band 
Ha images. Simulations also indicate that vortex tubes are frequently associated with small-scale magnetic fields. We 
speculate that the intergranular jets detected in the NST data may result from the interaction between the turbulent 
small-scale fields associated with the vortex tube and the larger-scale fields existing in the intergranular lanes. The 
intergranular jets are much smaller and weaker than all previously known jet-like events. At the same time, they 
appear much more numerous than the larger events, leading us to the speculation that the total energy release and 
mass transport by these tiny events may not be negligible in the energy and mass-flux balance near the temperature 
minimum atop the photosphere. The study is based on the photospheric TiO broadband (1.0 nm) filter data acquired 
with the 1.6 m New Solar Telescope (NST) operating at the Big Bear Solar Observatory. The data set also includes 
NST off-band Ha images collected through a Zeiss Lyot filter with a passband of 0.025 nm. 



1. Introduction 



The New Solar Telescope (NST lGoode et al.ll2010ah of 
Big Bear Solar Observatory enabled us to resolve previously 
unknown, even finer chromospheric featur es in blue shifted 
off-band Ha images ( Goode et a 1 .1 120 lObh . These absorb- 
tion features, arising from the dark intergranular lanes, are 
granular in extent, short-lived, and show jet-like upflows 
(Doppler shifted to the blue). Their presence in the far blue 
shifted images indicates fast plasma upflows. Their origin 
seems neither to be unequivocally tied to concentrations 
of photospheric bright points nor predominantly associated 
with the vertex formed by three (or more) granules. A vi- 
sual inspection of NST data revealed that they frequently 
originate from an intergranular lane separating two gran- 
ules. This is also the loca t ion where magnetic fields occur 
(e.g., lBerger& Titlell200ll; llshikawa et al.i l2008). The pro- 
jection of these jet-like features onto the image plane may 
reach of typical length of 1 Mm, while maintaining their 
width at 0.2 Mm during a typical lifetime of 30-60s (some 
as long as 4 min). 

Jets and associated chromospheric dynamics may play 
an important role in chromospheric and coronal heating. 
Observations of active regions offered some explanations 
for upflows observed in UV, such as coronal reconnectio n 
(jBrooks et al.1 12008: Ha rra et a 1 1 [20081: iBaker et al.ll2009f ). 
emerging flux ([Harra et a l. 2010), as well as i ntermittency 
at the edges of ac tive regions (IHe et al.ll2010l ), and active 
region expansion (jMurrav et al.ll2010h . In quiet Sun areas 
and in coronal holes, the situation is less well-understood, 
mainly because of limited spatial resolution. Difficulties 



also arise from the fact that the chromosphere is a quite 
complex layer with the complexity arising mainly from the 
temperature and density distribution. 

In this study, we demonstrate that the small-scale in- 
tergranular jet-like events are clearly a ssociated with the 
vortex tubes, predicted by Steiner et a 1. 1 (|2010l ). The study 
is based on the NST photospheric (TiO) and chromospheric 
(Ha ) images and the comparison with model predictions. 

2. Observations 

A small coronal ho le (CH) located at N03E12 was ob- 
served using the NST (jGoode et al.ll2010allbh with adaptive 
optics on August 31, 2010 from 17:40 to 18:16 UT. This 
CH first appeared on the solar disk on August 30 and then 
it slowly expanded and gradually migrated in a southward 
direction. According to an SDO/AIA 192A image taken 
at 17:46:56 UT, the CH appeared to be magnetically con- 
nected to the neighboring NOAA AR 11101 by a set of dark 
loops. 

Two distinct NST data sets were acquired simultane- 
ously with a broad-band filter imager (BFI) using a TiO 
1.0 nm filter centered at 705.7 nm and a narrow-band fil- 
ter imager (NFI) utilizing an Ha Zeiss Lyot filter with a 
passband of 0.025 nm. The pixel sizes for the NFI and BFI 
data were 0.0375" and 0.075", respectively, and the field 
of view of both instruments was 77" . 

All time series were corrected for dark current and 
flat field, and then speckle recon structed employing the 
KISIP speckle reconstruction code (jWoger & von der Luhj 
20071 ). Each reconstructed image was derived from the 70 
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best 1 ms exposures (20 ms in the case of Ha Zeiss data), 
acquired in quick succession within a 7 s burst. 

The resulting TiO data have a cadence of 10 s. Dur- 
ing the observations, the Lyot filter was switching between 
three wavelengths. In this observing mode, 4 consecutive 
images were taken at Ha-0.1 nm, and one image was taken 
at Ha line center and Ha+0.07 nm, respectively. There- 
fore, the groups of 4 Ha-0.1 nm images follow each other 
with a 30 s interval, while the cadence within a group is 
10 s. The resulting Ha line center and Ha+0.07 nm im- 
ages are available with a 65 sec cadence. All images in the 
data sets were rigidly co-aligned using cross-correlation and 
then de-stretched to remove distortions due to residual see- 
ing effects of the Earth's atmosphere. The final time series 
contained 183 TiO images and 103 Ha-0.1 nm images and 
the FOV was 34" . 

3. Results 

In order to link photospheric dynamics to chromospheric 
activity, TiO and Ha data sets were accurately co-aligned 
and combined images were produced, where TiO granula- 
tion is overlayed with Ha-0.1 nm jet-like features. 

We used this composite data set to searc h for sources 



of sm all-scale intergranular jet-like events (jGoode et al 



l2010bl ). Each intergranular event was identified as follows: 
1) it should be a narrow, elongated structure, 2) it should 
be present in several consecutive images; 3) one end of 
the streak should originate in an intergranular lane; 4) the 
opposite end should be evolving (i.e., extending, shrink- 
ing, showing variations in darkening); we thus found that 
intergranular events are very often associated with rapidly 
evolving granules, more precisely, with instances in which 
granule fragments are pushed into the intergranular lane. 
A more detailed analysis of granular evolution led us to 
conclude that intergranular even ts are most often a ssoci- 
ated with what was identified by Steiner et al. (|201dl ) as a 
vortex tube. At the same time, not every vortex tube event 
was accompanied by a chromospheric jet. 

3.1. Development and Evolution of Bright Granular 
Lanes 

Figure [T] shows the evolution of a bright granular lane 
(BGL), which was associated with very weak chromospheric 
activity. The arrow in the 54:01 panel points to a BGL, 
which usually indicates the development of a vortex tube. 
The BGL first forms near the edge of a granule (indicated 
in the 54:01 frame), and then it is displaced toward the 
granule's center and one or several bright grains appear in 
its place (indicated in the 54:42 frame). The estimated 
speed of the BGL d isplacement may reach up 2 km s _1 . 
Steine r et a 1. 1 (2010) proposed that the BGL is the most 
apparent signature of a horizontally oriented vortex tube, 
with up-flows in the BGL and downflows in the intergran- 
ular space. 

Figure [2] shows the evolution of intensity profiles along 




Fig. 1. — Sequence of TiO images showing the development 
of a bright granular lane (BGL, arrow in 54:01 frame). The 
arrow in the first panel indicates a BGL, which slowly shifts 
toward the center of the granule as the lane evolves. The 
arrow in the 54:42 frame indicates a bright grain that usu- 
ally accompanies the development of the BGL. The line seg- 
ment in the 54:52 frame marks the location of the intensity 
profiles plotted in Figure^ The time stamp in each frame 
shows the minute and second of image acquisition, starting 
from 17:00:00 UT. Short tick marks separate 0.25 Mm spatial 
intervals. 



the line segment shown in the 54:52 panel of Figured] The 
profiles detail all stages of the vortex tube's development. 
The red profiles reflect an early stage (17:50 - 17:54 UT) 
of development (arrow 1), during which the BGL had a low, 
broad profile. Between 17:54 and 17:55 UT (green and dark 
blue profiles) one side of the BGL (at x = 350) rapidly in- 
tensified and the peak of the bright structure was shifting 
toward the center of the granule (i.e., toward x = km). 
After 17:54:30 UT, we observe the growth of a bright grain 
(indicated by arrow 2, see also the 54:42 frame in Figure[TJ. 
By 17:55:30 UT, the intensity of the grain nearly matched 
that of the BGL, and later those two structures formed 
one broad bright patch at the edge of the host granule. 
Since neither the BGL nor the grain showed any sense of 
displacement toward each other, we speculate that the ap- 
parent merging of these two intensity structures could be 
due to their horizontal expansion. Finally, after 17:56 UT 
the bright patch began to fade and several minutes later 
the corresponding intensity profile (not shown in the figure) 
was close to the pre-event profile at 17:50 UT. 

The observed time profiles of the BGL are in a very 
good agre ement with the syn thesized intensity profile pre- 
sented bv lSteiner et al.l (|2010h . In particular, the 17:54:52 
profile, where the bright grain is seen as a plateau at 
(x,y) = {470,3720}, is the best match to the snapshot 



2 



4500 




200 



400 600 800 
Distance, km 



1000 1200 



Fig. 2. — Intensity proEles of a developing bright granular 
lane (BGL). The proEles were measured along the line seg- 
ment shown in the 54:52 frame of Figure^ The origin of the 
x-axis (x = 0) corresponds to the upper left end of the line 
segment. Time stamps (MM:SS) in the left margin of each 
prohle indicate the acquisition time of the corresponding im- 
age. Arrow 1 marks the initial position of the shifting BGL, 
arrow 2 points to the intensifying bright grain, arrows 3 and 
4 mark the initial and late position of the dark intergranular 
lane. The group of black over red to orange prohles indicate 
the BGL at the early stage of the development. The green 
to cyan prohles refer to times when the BGL was most dy- 
namic, while the blue to dark blue prohles show the late phase 
of development, marked by a stagnating BGL and intensely 
growing bright grain(s). The colors are gradually changing 
to reflect the gradual development of the event and smooth 
transition from one phase to another. 



shown in Fig. 5 of Steiner et al. (2010). According to the 
model data, the plateau normally develops into a structure 
reminiscent of the grain described here. Also, both the ob- 
served size of the vortex tube, measured from the BGL to 
the intergranular lane (0.8 Mm) and the distance between 
the BGL and the grain (0.3 Mm) closely match the model 
data. 

Figure [3] shows three images of the above event as seen 
in Ha and TiO spectral lines. The left panel is a Ha - 
0.1 nm image, while the right panel shows a Ha +0.07 nm 
image taken nearly 1 min later. The middle panel is a TiO 
image at 17:55:32U UT. The faint white contours are the 
same in all three images and they are intended to facilitate 
the comparison between all three panels. The contours en- 
circle the darkest TiO features, and they also show that the 
co-aliment between the TiO and Ha data sets is not worse 
than 3 pixels or 0" .11. Note that the short ticks separate 10 
pixel intervals. The field of view of these images is 15" x 15" 
or 11x11 Mm. We note that both the BGL and the grain 



can be identified in all three images, which means that 
the vortex-tube signatures are present in the lower chromo- 
sphere. Also, this event was associated with a faint chro- 
mospheric darkening in the blue Ha — 0.1 nm, image (left 
panel), not present in the red shifted, Ha + 0.07 nm, im- 
age (right panel), which indicates that the absorption fea- 
tures accompanying vortex-tube events are chromospheric 
upflows. 

The event shown in Figures[TJand[3]can be characterized 
as an exemplary event, meaning that the BGL has a nearly 
ideal semi-circular shape. The majority of observed BGLs 
are less ideal and they may appear as a nearly straight line 
with (sometimes) jagged edges, especially in cases when 
two or three bright grains are present. 

3.2. Chromospheric Activity Associated with Bright 
Granular Lanes 

At the peak of the BGL development, one or two jet- 
like darkenings, co-spatial with the BGL, may appear in the 
blue-shifted Ha images. These absorption features seem 
to originate in the intergranular lane adjacent to the bright 
grain. Figures [4j[5] show three examples of chromopheric 
activity (i)-(iii) associated with the formation of a BGL. 

The first event began at 17:45:59 UT and lasted for 
about 100 s until 17:47:08 UT (Figure |4]). The arrow in 
the 45:49 panel indicates the location of a BGL, which 
assumed a crescent-like shape and moved toward the center 
of a granule revealing a bright grain. A single strand dark 
jet-like feature (i) began to develop at the same time and 
its intensity peaked at about 17:46:49 UT, while the 47:28 
frame shows that chromospheric feature gone. The BGL 
features had faded out by about the same time. The two 
bottom rows of Figure [4] show a second small-scale event 
immediately following the first one. Frame 48:17 clearly 
shows that the newly develop ed feature is reminisc ent of 
an inverted "Y" jet reported bv lShibata et al .1 ( 2007) . This 
inverted "Y" feature (ii) had one footpoint co-spatial with 
the fading BGL, while the other one appeared to be rooted 
in the adjacent intergranular lane. 

Figure [5] is an example of an extended BGL, where its 
shape is oblong rather than semi-circular. Similarly to 
other events, this BGL lane (arrows in the 59:02 and 00:24 
frames) shifted to the center of the granule giving way to 
a bright grain (lower arrow in the 00:24 panel), which is 
elongated in the direction of the BGL along the intergran- 
ular lane. Starting at 17:03:50 UT, two small chromo- 
spheric darkenings (iii) began to intensify on either side of 
the elongated grain (04:20 frame) and these features lasted 
for about 50 s. 

The three types of events (i)-(iii) discussed above are 
the most frequently observed types. Other, although less 
numerous, BGL-jet events may include 2 or 3 Ha absorption 
features, two simultaneous BGLs in one host granule and 
well-defined grains elongated in the direction perpendicular 
to the BGL and the intergranular lane. 
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Fig. 3. — The same bright granular lane as in Figures [I] and \2\ seen at three different wavelengths: Ha -0.1 nm (left), TiO 
band (middle) and Ha +0.07 nm (right). The arrow in each panel points to the same bright grain. The faint white contours 
shown in each panel are to facilitate image comparison and they encircle the darkest fragments of the TiO image. The axes 
are image pixels and the smallest tick marks indicate 10 pixels (0".375 or 0.276 Mm). 



4. Conclusions and Discussion 

Using NST TiO and Ha observations, we di scovered that 
small-sc ale intergranular jets, first described in Goode et al.l 
(|2010bh . are associated with bright granular lanes (BGLs) 
developing inside photospheric granules. The BGLs are 
thought to be a signature of vortex tubes an d they were firs t 
found in solar and simulation data by lSteiner et al. (2010). 
We summarize our new findings as follows: i) our conser- 
vative estimate is that more than half of a total of 100 
well identified tiny intergranular jets are co-spatial and co- 
temporal with the occurrence of BGLs, although not each 
BGL event is accompanied with small-scale chromospheric 
activity; ii) along with the BGL, a vortex tube also develops 
a well-defined bright grain located between the BGL and 
the dark intergranular lane; and iii) vortex-tube signatures 
may reach the lower chromosphere and can be detected in 
off-band Ha images. The bright grain, described here, ap- 
pears to correspond to the platea u in the model in tensity 
profile presented in Figure 5 in ISteiner et al. I (|2010h . 

According to the simulation data, the darkish space be- 
tween the bright grain and the BGL coincides with the axis 
of the vortex tube. The interpretation is that due to low 
pressure and temperature, the opacity above the vortex 
tube is reduced thus allowing us to peer deeper into its 
relatively cooler interior. What is the bright grain then? Is 
it part of the vortex tube? Does this interpretation hold 
when we consider the fact that the vortex tube can reach 
the chromosphere? As it follows from simulations, the as- 
sociated magnetic field, is generally wrapped up in such a 
way, that the field is mainly aligned with the flow, i.e., it 
is rather perpendicular to the vortex tube axis. The high- 
speed flow above the vortex tube reaches up to the top 
of the photosphere with velocities up to 8 km s _1 and 
sweeps the magnetic field in the horizontal direction to the 
intergranular lane. It may be that this field collides with 



the nearby intergranular field of possibly opposing polar- 
ity, which has the potential to cause some chromospheric 
activity. 

We do not know, however, if BGL events seen in im- 
ages of granulation possess magnetic fields strong enough 
to cause detectable chromospheric activity. Polarization 
measurements with the baloon-borne solar telescope SUN- 
RISE failed to det ect magnetic field signal associated 



with a vortex tube (jSteiner et al.ll2010|). A brief review 



of published Hinode/SP data (e.g 



Lites et al 1 120081: llshikawa et al.lhoioHGomorv et al 



Centeno et al 
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indicates that Hinode/SP intensity maps may have insuffi- 
cient spatial resolution to reliably discern a BGL event, so 
that no reliable conclusions on the association between a 
BGL and the magnetic field can be made. Nevertheless, 
Centeno et al. ( 20071 , left panel in their Figure 1) studied a 
flux-emergence event associated with a particular pattern in 
the in tensity maps that cou l d be i nterpreted as an evolving 
BGL. lOrozco Suarez et al.l ((2008) presented data for two 
flux-emergence events, where increased circular polariza- 
tion polarization was co-spatia l with enhanced brightness 
within a granule. Zhang et al. ( 20091 ) reported that gran- 
ules tend to fragment w hen magnetic f ields em erge within 
them. Simulations by iTortosa-Andreu & Moreno-lnsertisl 
(2009) seem to confirm the latter by showing that surface 
temperature structures ch a nge a s field emerges. On the 
other hand, [Gomorv et a l. (2010) argue that an emerging 
loop leaves no detectable brightness pattern on the host 
granule. 



IStenflol(|201lh underscored the possible existence of two 
distinct populations of the solar magnetic fields: i) strong, 
or collapsed, fields predominantly located in the intergran- 
ular lanes and manifested via photospheric bright points 
and ii) weak, or uncollapsed, flux occupying both inter- 
granular lanes and bright granules with a weak preference 
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Fig. 4. — A bright granular lane (BGL ) associated with chro- 
mospheric activity. This is a sequence of composite images 
made by combining TiO granulation data and dark Ha - 
0.1 nm absorption features. The arrow in the 45:49 frame 
points toward the BGL. The onset of chromospheric jet-like 
activity begins shortly after a bright grain develops (frames 
46:09-46:59). The arrow in the 48:17 frame indicates an in- 
verted "Y" jet occurring at approximately the same position 
as the BGL. The time stamp in each frame shows the minute 
and second of image acquisition starting from 17:00:00 UT. 
Short tick marks separate 0.25 Mm spatial intervals. 



for the bright granular cells. The uncollapsed population 
is thought to represent weaker turbulent fields with spatial 
scales too small to be fully resolved with today's state- 
of-the-art instrumentation. In this case, we suggest that 
the intergranular jets, associated with the development of 
BGLs, may be a manifestation of these weaker turbulent 
fields, the bulk of which apparently rem ains hidden at spa- 
tial scales below 200 km (jStenflol 2011 ). The intergranular 
jets are much smaller and weaker than all previously known 
jet-like events. At the same time, they appear much more 
numerous than the larger events, leading us to the specu- 
lation that the total energy released by these tiny events 
may not be negligible in the total energy balance. 
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Fig. 5. — Sequence of composite images showing the de- 
velopment of an elongated bright granular lane (BGL). The 
downward pointing arrows in the 59:02 and 00:24 frames 
indicate the BGL, while the upward pointing arrow marks 
the elongated bright grain. Two small and short-lived ab- 
sorption features appear on either side of the grain between 
18:03:39 and 18:04:40 UT. The time stamp in each frame 
shows the minute and second of image acquisition starting 
from 1 7:00:00 UT. Short tick marks separate 0.25 Mm spa- 
tial intervals, and the contour shapes in frames 03:18 - 03:39 
show bright Ha -0. 1 nm patches. 
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